ABSTRACT. It was recently reported that intravenous administration of phorbol 12-myristate 13-acetate (PMA) showed a therapeutic effect in myelocytic leukemia patients. However, we previously observed that, in serum-free conditions, polymorphonuclear leucocytes (PMNs) were killed rapidly by exposure to PMA, suggesting the possibility of serious side effects. In this study, we found that PMA-induced necrosis of PMNs was prevented by serum, suggesting the existence of a "necrosis-suppressing factor". Next we tried to identify the serum factor. The hemopexins we purified were found to suppress necrosis of PMNs in a dose-dependent fashion. Hemopexins alone could not suppress necrosis, however, as it required the coexistence of another macromolecule such as albumin. Albumin promoted the suppressive activity of hemopexins in a dose-dependent fashion. These results strongly suggest that serum hemopexins may rescue mature PMNs from necrosis in the PMA-administered leukemia patient as previously reported, resulting in avoidance of serious side effects.
The protein kinase C activator phorbol 12-myristate 13-acetate (PMA) is known to induce differentiation of cultured human promyelocytic leukemia cells such as HL-60 to macrophage-like cells in vitro (Shimizu et al., 1991; Aihara et al., 1991; Qin and Yamamura, 1997) . PMA has thus been expected to be a potentially useful therapeutic agent for patients with myelocytic leukemia who are refractory to other chemotherapeutic drugs. Recently it was reported that intravenous administration of PMA alone or in combination with other chemotherapeutic drugs showed a therapeutic effect: myeloblasts in the bone marrow and peripheral blood were decreased and white blood cells and neutrophils were increased (Han et al., 1998a; Han et al., 1998b) .
On the other hand, the exposure of polymorphonuclear leucocytes (PMNs) to any activating agent such as PMA, is reported to trigger "microbicidal events" including superoxide generation and release of microbicidal enzymes (Curnutte et al., 1987; Guigui et al., 1988) . Because these bacterial killing systems are nonspecific, they may also be toxic for the host organism. In fact, we previously observed that, in serum-free conditions, PMNs but not lymphocytes killed themselves within 3 to 5 hours after exposure to PMA (Suzuki and Namiki, 1998) , with cell death being necrotic and specific for PMNs. If the event we observed also occurs in vivo, the clinical studies on the therapeutic effect of PMA intravenous infusions described above (Han et al., 1998a; Han et al., 1998b) would probably have ended in failure. A possible explanation is that there is a factor in serum or in whole blood that suppresses the PMA-induced necrosis of PMNs.
In this study, we observed that, in the presence of serum, PMA-induced necrosis of PMNs did not occur, suggesting the existence of a "necrosis-suppressing factor" in serum. We next tried to identify the factor. Serum hemopexins were found to inhibit the PMA-induced necrosis of PMNs.
Wako Pure Chemical Co., Tokyo, Japan. Fetal bovine serum was from Iwaki Glass, Funabashi, Japan. Porcine serum was prepared from whole peripheral blood. Trypan blue was from Merck, Darmstadt, Germany. DEAE-Toyopearl 650S gel was from Toyo Soda Mfg. Co., Tokyo, Japan. Prestained protein molecular weight markers was from Bio-Rad Laboratories, Hercules, CA, USA. Bovine fetuin was from Calbiochem-Novabiochem Co., La Jolla, CA, USA. Rabbit anti-human hemopexin polyclonal antibodies were from Medical & Biological Laboratories Co., Nagoya, Japan. All other chemicals were of analytical grade.
Preparation of PMNs
PMNs were isolated from porcine peripheral blood as described previously (Suzuki and Namiki, 1998) . Cells were suspended in ice cold PBSG (Ca 2+ -, Mg 2+ -free phosphate buffered saline, pH 7.4, containing 5 mM glucose) at 6´10 7 cells/ml and used for experiments immediately.
Measurement of PMN superoxide production
Superoxide was measured as the rate of superoxide dismutaseinhibitable reduction of cytochrome c as described previously (Suzuki and Namiki, 1998) .
Incubation of PMNs with various agents
Cell incubations with various agents except whole sera were performed at 3´10 6 cells/ml in the incubation medium (PBSG containing 40 mg/ml BSA) containing each test sample unless otherwise specified. In the case of whole serum, cells were directly suspended in serum followed by incubation. After the cells were precipitated by centrifugation, cells and supernatant were used for trypan blue exclusion test and LDH viability assay, respectively (see below).
Cytotoxicity assay
Cell viability was assessed by trypan blue exclusion test and by the LDH (lactate dehydrogenase) assay. The LDH assay kit (Wako Pure Chemical Co.) was used according to the manufacturer's instructions. Unless otherwise specified, results of the LDH assay were expressed as relative LDH-release (%) by PMNs, with the LDH activity released by PMNs suspended in the incubation medium described above and killed by exposure to 100 ng/ml PMA for 5 hours ("medium alone") being regarded as 100%.
We show the results of the LDH assay as cell viability in this paper, but because whole serum often contained endogenous LDH activity, we could not use the LDH assay in these cases. In the other cases, we confirmed all the data of the LDH assay were consistent with those of the trypan blue exclusion assay.
Hemopexin purification from human, bovine, and porcine serum Serum hemopexins were purified by conventional methods using rivanol precipitation followed by hemin-agarose affinity chromatography and anion exchange chromatography (Muller-Eberhard, 1988; Tsutsui, 1986; Strop et al., 1981; Majuri, 1982; Suttnar et al., 1979) . Ten ml serum of which the pH was adjusted to 8.0 with NaOH was mixed gradually with equivalent volume of cold 1.68% rivanol solution (pH 8.0) and gently stirred for 5 h at 4°C in order to precipitate and remove rivanol-albumin complex. Free rivanol in the supernatant was precipitated by centrifugation following addition of 5% NaCl. For hemin-agarose affinity chromatography, the above rivanol-supernatant was dialyzed against PBS. The supernatant was applied to 2ml of a hemin-agarose column three times. The column was washed thoroughly with PBS containing 0.5M NaCl to remove unbound proteins. Proteins containing apohemopexins bound to the column were eluted by 0.2 M citric acid (pH 2.0). Protein elution was monitored by UV absorption at 280 nm. Proteins were buffer-exchanged for 0.01M Tris-HCl (pH 7.0), and applied to 2ml of a DEAE-Toyopearl column. After washing with 0.01 M Tris-HCl buffer extensively, Hemopexins were eluted by 0.01 M Tris-HCl (pH7.0) containing 0.4 M NaCl, which was dialyzed and lyophilized for each analysis.
Protein measurement
Protein concentrations were determined by Bio-Rad protein assay kit, with BSA used as the standard protein.
SDS-PAGE and immunoblot analysis
Proteins were separated by 10% SDS polyacrylamide gel electrophoresis under denaturing conditions, blotted onto Immobilon TM membrane (Millipore) and used for each analysis as described below. For protein detection, the membranes were stained with Coomassie Brilliant Blue. For detection of hemopexin, they were probed with rabbit anti-human hemopexin antibodies followed by HRP-conjugated goat anti-rabbit Ig. DAB color reaction was used for visualization of the protein bands.
N-terminal amino acid sequencing of proteins
N-terminal amino acid sequencing was performed on an Applied Biosystems Japan 494-cLC sequencer after being blotted to and excised from Immobilon TM membrane.
Results and Discussion
After PMNs are exposed to any activating agent such as PMA, "microbicidal events" occur, including superoxide generation and release of microbicidal enzymes (Curnutte et al., 1987; Guigui et al., 1988) . While these events are obviously vital for host defense, these bacterial killing systems are nonspecific, and activated PMNs have been implicated in host tissue damage in a variety of diseases of diverse pathogenesis. Previously we observed that, under serumfree conditions, PMNs were killed within 3 to 5 hours after exposure to PMA (Suzuki and Namiki, 1998) , although the mechanism of induction of necrosis is at present unknown. If the event we observed also occurs in vivo, the clinical studies on the therapeutic effect of intravenous infusions of PMA described above (see Introduction) would probably have been unsuccessful. A possible explanation is that there is a factor in serum or in whole blood that suppresses the PMA-induced necrosis of PMNs.
In this study, therefore, we tested the effect of serum on PMA-induced necrosis (Fig. 1) . Interestingly, PMNs suspended in fetal bovine serum (FBS) survived well when exposed to PMA for 5 hours. This result convinced us that a serum factor exists that rescues PMNs from the toxicity of PMA. We also observed that human and porcine serum could suppress the PMA-induced necrosis of PMNs. Therefore, we tried to isolate and identify the suppressive factor from serum.
In initial experiments, FBS was subjected to ultrafiltration through Millipore XM50 size exclusion membranes (MW cut-off 50000). No necrosis-suppressing activity passed through the membrane, but activity was recovered from its surface (data not shown). This result suggests that the suppressive factor is not a free small molecule. Albumin, the most abundant serum protein (about 40-50 mg/ml of serum) and which is included in the incubation medium at 40mg/ml, was unable to suppress necrosis (Fig. 1) .
Among a variety of molecules in serum, we focused on hemopexin as a candidate for the necrosis-suppressing factor described above. This idea is based on the following information about the characteristics and physiological roles of hemopexin.
Hemopexin is a heme-binding serum glycoprotein, of which the serum concentration ranges from 0.4 to 1.5 mg/ml (Muller-Eberhard, 1988) . Hemopexin is known to play an important role in receptor-mediated cellular heme uptake; for example, hemopexin is implicated in the system that delivers heme to the liver cells via a receptor-mediated process (Smith and Morgan, 1985; Wu and Morgan, 1994) . The hemopexin receptor is also found in other tissues or cells such as placenta, human acute T-lymphoblastic (MOLT-3) cells and human PMNs (Taketani et al., 1987; Smith et al., 1997; Okazaki et al., 1989) . Hemopexin has been studied for its role in heme-mediated functions. Gutteridge et al. (Gutteridge and Smith, 1988) reported that hemopexin functions as an extracellular antioxidant, and it may have a role in the body's defense mechanisms. Hemopexin inhibits heme-mediated lipid peroxidation by binding extracellular free heme (Gutteridge and Smith, 1988) . Balla et al. found that endothelial cells in vitro rapidly incorporate free heme, and that the heme loading sensitizes the endothelium to oxidant-mediated cytotoxicity caused by hydrogen peroxide released by activated PMNs; that the heme-aggravated cytotoxicity closely parallels amplified lipid peroxidation in endothelial cell membranes; and that hemopexin, by trapping heme, protects endothelial cells from activated PMNs (Balla et al., 1990) .
Although it is unknown whether heme molecules are released extracellularly by PMA-exposed PMNs, it may be possible that membrane or secreted hemoproteins release free heme into the extracellular milieu by oxidative breakdown, resulting in self-damage of PMA-exposed PMNs caused by heme-aggravated oxdative cytotoxicity. We hypothesized that hemopexin may interfere with these processes.
Consequently, we decided to examine whether hemopexin suppresses PMA-induced necrosis of PMNs. Because purified or recombinant hemopexin is not commercially available, we had to purify it ourselves. Many investigators have purified hemopexin from the serum of several animal species by using simple hemin-affinity chromatography (Muller-Eberhard, 1988; Tsutsui, 1986; Strop et al., 1981; Majuri, 1982; Suttnar et al., 1979; Takahashi et al., 1985a; Olsen, 1986) . We decided to purify hemopexin from human serum for two reasons: 1) the complete amino acid sequence of human hemopexin is known, and 2) we could obtain rabbit anti-human hemopexin polyclonal antibodies, allowing easy identification of purified human hemopexin. We could not obtain any information about the amino acid sequence of bovine hemopexin.
The most efficient procedure to remove a large amount of albumin may be the rivanol (6,9-diamino-2-ethoxyacridinelactate) precipitation method, by which rivanol forms an insoluble complex with albumin (Muller-Eberhard, 1988; Fig. 1 . Effect of serum on PMA-induced necrosis of PMNs. Cells were suspended in incubation medium (a and b) or in serum (c, d and e represent fetal bovine, human and porcine, respectively) and incubated in the absence (a) or presence (b-e) of 100 ng/ml PMA for 5 hours. Viability (%) was assessed by trypan blue exclusion test. Results are expressed as mean±SD of three separate experiments. Tsutsui, 1986; Strop et al., 1981; Majuri, 1982) . The rivanol supernatant prepared from human serum was applied to hemin-agarose affinity chromatography as described in Materials and Methods. The column-bound protein fractions were collected. The preparations obtained were of high purity and contained only a small amount of immunoglobulins, as determined by SDS-PAGE followed by N-terminal amino acid sequencing of the CBB-stained protein bands (data not shown). Contaminating immunoglobulins can be removed by anion-exchange chromatography on a DEAE-cellulose column (Strop et al., 1981; Majuri, 1982; Suttnar et al., 1979) . We performed DEAE-Toyopearl column chromatography, and fractions bound to the column were collected. SDS-PAGE followed by CBB staining revealed doublet protein bands of about 74.5 and 71 kDa and a negligible band of 52 kDa (Fig. 2a) . The N-terminal amino acid sequence of the major 74.5 kDa band was determined to be N-XPLPPTSAHGNVAEG, which is identical to that of human hemopexin (Swiss-Prot protein data base, accession number P02790), in which the N-terminal amino acid should be Thr and may be carbohydrate-modified. Immunoblot analysis showed that these doublet bands, as well as the faint 52 kDa band (which was also found to be a doublet of 52 and 49.5 kDa), reacted with anti-human hemopexin antibodies (Fig. 2b) . It is likely that the appearance of doublet bands is caused by the molecular heterogeneity of hemopexin, such as different numbers and/or types of oligosaccharide chains; the 52 and 49.5 kDa doublet may be unglycosylated hemopexin (Noiva et al., 1987; Takahashi et al., 1985b) . We used the DEAE-Toyopearl-bound proteins as hemopexins in this study.
Next, we examined whether or not these purified human hemopexins could suppress the PMA-induced necrosis of PMNs. Interestingly, human hemopexins suppressed PMN necrosis in a dose-dependent fashion (Fig. 3) . Bovine or porcine hemopexin fraction purified by the same methods also had similar activity (data not shown). The purified hemopexins are apo-hemopexins, because the heminagarose column binds only apo-hemopexins. As described above, hemopexin is known for its heme-mediated functions. We observed that heme (20-100 mM) by itself could not induce PMN necrosis (data not shown). However, it is possible that hemopexins rescue PMNs from PMAinduced necrosis by trapping heme molecules, resulting in suppression of heme-aggravated cytotoxicity. If this is the case, the necrosis-suppressive activity of hemopexins may be impaired by exogenous addition of excess amounts of heme. Therefore, we examined if hemopexins could also suppress necrosis of PMNs in the presence of exogenous heme. Hemopexins (2 mg/ml in PBSG) were incubated with 100 mM of hemin chloride for 60 minutes at 37°C, and were then used for the viability assay. To our surprise, hemeloaded hemopexins were able to suppress the PMA-induced necrosis, although the activity was slightly less than that of apo-hemopexins (Fig. 4) . These results show that apohemopexins at physiological concentrations inhibit necrosis of PMA-exposed PMNs and, unexpectedly, that hemopexins suppress necrosis even in the presence of 100 mM heme Fig. 2 . SDS-PAGE and immunoblot analysis of purified human hemopexins. Proteins (2 mg and 1 mg in a and b, respectively) eluted from a DEAEToyopearl column were separated by SDS-PAGE followed by (a) CBB-staining or (b) immunoblotting with anti-human hemopexin antibodies as described in Materials and Methods. Protein bands in the left lanes in (a) and (b) are molecular weight markers. (Fig.4) , the concentration of which is high enough to saturate the 2 mg/ml of apo-hemopexins. Thus, the inhibition by hemopexin of PMA-induced necrosis of PMNs observed in this study may not be related to heme binding (trapping).
It is possible that hemopexins could trap the added PMA before it acts on cells, resulting in avoidance of necrosis. To elucidate this point, PMA-induced superoxide generation was measured as cytochrome c reduction activity. We observed that PMNs produced superoxides to a similar extent in the presence or absence of hemopexins. The rate of cytochrome c reduction, measured as increase in absorbance at 550 nm per min, in the presence or absence of 1 mg/ml hemopexins was 0.00960 and 0.00884, respectively (single measurement, representative of several experiments). This result suggests that hemopexins do not impair the stimulation of PMNs by PMA.
The incubation medium we used for cell incubation with PMA contained 40mg/ml of BSA. Consequently, we examined whether the presence of BSA is a prerequisite for the suppression by hemopexin of PMA-induced necrosis. As shown in Fig. 5a , in the absence of BSA, hemopexins (1 mg/ml) alone could not suppress necrosis. BSA promoted the suppressive activity of hemopexins in a dose-dependent fashion. Human serum albumin (HSA) could also support the necrosis-suppressive activity of hemopexins (data not shown). Moreover, we found that bovine fetuin, a serum non-albumin protein, and the non-protein macromolecule dextran (MW 66700) also had promoting effects (Fig. 5b) . The results suggest that albumin is not essential for the suppression by hemopexin of PMA-induced necrosis of PMNs, but that other macromolecules may be substituted. Although the precise role of these supportive molecules is unknown, they may contribute to "cell stability" in the serum-free culture conditions, possibly by their osmotic pressure. We did not study this effect further.
In this study, as described above, serum (bovine, human and porcine) was shown to rescue porcine PMNs from the autotoxicity of PMA. We identified hemopexins as the necrosis-suppressing serum factor. Hemopexins suppressed PMA-induced necrosis of PMNs in a dose-dependent fashion (over the concentration range 0.1-1.0 mg/ml tested) in the presence of 40 mg/ml of albumin (Fig. 3) . Hemopexins alone had no suppressive activity; the presence of another macromolecule was required ( Fig. 5a and b) . We also found that a-or g-globulins have some necrosis-suppressing activity (data not shown). By immunoblot analysis using human anti-hemopexin antibodies, contamination with hemopexin was observed in commercially available human a-and gglobulins (data not shown), so it is likely that the moderate necrosis-suppressing activities of these preparations are due in part to their hemopexin content. However, at present we cannot exclude the possibility that factors other than hemopexin with necrosis-suppressing activity also exist in these preparations.
As to how hemopexins inhibit necrosis of PMNs, it is necessary to elucidate the mechanism by which PMA in- Fig. 3 . Suppression of PMA-induced PMN necrosis by hemopexins: effect of concentration of hemopexins or BSA. Cells were exposed to 100 ng/ml PMA for 5 hours in the presence of 40 mg/ml BSA and variable concentrations (0, 0.1, 0.2, 0.4, 0.6, and 1.0 mg/ml) of hemopexins. Cell viability was assessed by LDH assay. Results are expressed as mean±SD of three separate experiments. Fig. 4 . Effect of heme on necrosis-suppressing activity of hemopexin. Cells were suspended in 1.0 mg/ml of apo-hemopexins (apo-Hx) or hemopexins preloaded with hemin chloride (heme-Hx) as described in the text. Cell viability was assessed by the LDH assay after exposure to 100 ng/ml PMA for 5 hours. Results were expressed as mean±SD of three separate experiments. duces necrosis, and this is now under investigation. Our previous study showed that superoxide or H2O2 released by PMA-stimulated PMNs cannot induce self-necrosis (Suzuki and Namiki, 1998) . Moreover, we observed that hemopexins suppressed PMA-induced necrosis although they did not inhibit PMA-stimulated superoxide production by PMNs. We also observed that an exogenous myeloperoxidase-H2O2 system that produces about 1 mM of OCl -did not induce PMN necrosis (unpublished data). However, because myeloperoxidase is a hemoprotein, there is a possibility that heme released from degraded myeloperoxidase is implicated in oxidative damage of PMNs, and that hemopexins may suppress it by trapping heme. According to our studies, however, this is unlikely. The molecular mechanism of the suppression by hemopexin of PMA-induced necrosis of PMNs is currently unknown, and our future studies will focus on elucidating this mechanism.
We emphasize in this paper that PMA has very strong toxicity for mature peripheral blood PMNs (Suzuki and Namiki, 1998) . Nevertheless, Han et al. reported therapeutic effects of PMA in patients with myelocytic leukemia (Han et al., 1998a; Han et al., 1998b) . They reported that in most patients the levels of white blood cells and neutrophils increased by 24 hours after single intravenous administration of 0.25 mg PMA, and that only mild and reversible side effects were observed. The concentration of PMA that they used would be high enough to induce necrosis of PMNs in vitro. It is highly possible that, in these patients given PMA, peripheral blood hemopexins rescued mature PMNs, such as neutrophils, from necrosis. However, if the blood hemopexin level of a leukemia patient is low or deficient, PMA administration may result in serious damage to mature PMNs.
Recently, Tolosano et al. (Tolosano et al., 1999) generated hemopexin-deficient mice by homologous recombination in embryonic stem (ES) cells. The hemopexin-deficient mice are viable and fertile. They showed that, although hemopexin is not crucial either for iron metabolism or for a protection against oxidative stress under physiologic conditions, it does play an important protective role after hemolytic processes. Deficiency of hemopexin in humans may normally be asymptomatic, since hemopexin-deficient mice are viable and fertile, so individuals with low blood hemopexin levels may not be uncommon. PMA is attractive as a therapeutic drug against leukemia, but we suggest that normal blood levels of hemopexin should be a prerequisite for treatment of these patients with PMA in order to avoid necrosis of mature PMNs. 5 . Requirement of another macromolecule for suppression by hemopexin of PMA-induced PMN necrosis. Cells were exposed to 100 ng/ml PMA for 5 hours in the presence of 1.0 mg/ml hemopexin and a) various concentrations (0, 10, 20, and 40 mg/ml) of BSA, or b) 40 mg/ml of fetuin or dextran. Viability was assessed by the LDH assay. Results are expressed as mean±SD of three separate experiments.
